Summary: The age-related induction of inducible nitric oxide synthase (iNOS) and apoptotic cell death in spiral ganglion cells (SGCs) of ddy strain mice were studied with immunohistochemical method and TdT-mediated dUTPbiotin nick end labeling (TUNEL), respectively. A large amount of iNOS was expressed in SGCs of 18-to 24-month-old mice, but not in those of the mice less than 12 months of age. Moreover, these mice were accompanied by a great rise in auditory brainstem response threshold as well as a great decrease in the number of SGCs that seemed to be due to preceding cell death of the cells. However, we were unable to find apoptotic TUNEL-positive cells in the spiral ganglions. This was assumed to be due to a very short clearance time of the dead cell bodies of less than one hour. As has been known, NO produced by iNOS can implicate in causes for either protection of cells from peroxidation and cell death. In the present study, therefore, the steep augmentation of iNOS in the SGCs of senescent mice implies that the iNOS initially induced to protect SGCs from the cytotoxicity of cellular peroxidation eventually contribute to the cell death of SGCs themselves.
Our previous studies relevant to the age-dependent morphological changes in the cochlea of ddy strain mice have clearly shown a great decrease in the number of spiral ganglion cells (SGCs) with increasing age (Inafuku et aL, 1982; Kuroda, 1992) . The definitive mechanism, however, involved in the age-related impairment of cellular homeostasis that finally leads to ganglion cell death has not been clarified.
Over the past decade, as described in terms of a double-edged sword, nitric oxide (NO), a highly diffusible and short-lived free radical gas, has been considered to play a significant role in cytotoxic mechanisms contrary to another biologically beneficial nature of it in the contribution to the signal transduction mechanism. NO is generated via the L-arginine-NO pathway (Palmer et aL, 1988) in which L-arginine is oxidized into L-citruline and NO by NO synthases (NOSs), which are characterized mainly by three distinct isoforms, i.e., endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS) (Wang et al., 1995) . Generally in the majority of cells capable of producing NO, iNOS is not found under the physiological condition but is expressed in response to pathophysiological stimuli such as endotoxins and/or appropriate cytokins (Nathan and Xie, 1994-a, b) . Comparing the production of NO by iNOS with that of two other isoforms, iNOS produces NO in larger amounts and for longer period to act as a pathophysiological mediator. Such a contiguous and high amount of NO is not only harmful to neighboring cells but also affects the NO-producing cell itself (Moncada et al., 1991; Brune et aL, 1995) . Further attempts elucidated that NO and its degradation products, nitrogen oxide species, are involved in the dysfunction of mitochondrial respiration and energy depletion (Stadler et aL, 1991; Stamler, 1994) , the impairment of glycolysis (Dimmeler et aL, 1992; Zhang and Snyder, 1992) , and nuclear DNA-strand breaks (Wink et reaction process of NO with transition metals and thiols eventually activate the endonuclease, which cleaves double-stranded DNA and results in apoptotic cell death (Sarih et aL, 1993) . Current immunocytochemical studies indicated that iNOS also could be expressed in normal tissues, e.g., in the trachea and kidney (Kobzik et al. , 1993; Tojo et al., 1994) in rats and in the developmental bronchial epithelium (Xue et al. , 1996) . Furthermore, iNOSproduced NO is involved in the age-related programmed cell death (Blanco et al., 1995) , which can be successively demonstrated by TUNEL technique (Gavrieli et aL, 1992; Zhang et aL, 1995) in the histochemistry. Therefore, it is not difficult to anticipate that apoptotic cell death may potentially occur in the spiral ganglion (SG) with aging and can be histochemically indicated by detecting TUNEL-positive nuclei. Assuming that aging will cause a rise in the amount of iNOS up to the level required to produce cytotoxic concentration of NO in SGCs, DNA damage and mutation, which can be initiated by NO and its reaction products, nitrogen oxides (Loeb and Preston, 1986 Based on these foregoing studies, much interest attracts us to investigate the expression of iNOS in the SGCs in view of the relationship between this enzyme and aging. In the present study, therefore, we demonstrated the expression and localization of iNOS immunoreactivity and nuclear DNA fragmentation in SGCs from young to old mice by utilizing the techniques of immunohistochemistry and TU-NEL to explore whether there is an age-related enhancement in expression of iNOS and DNA cleavages associated with a mechanism of physiological cell death-so-called apoptosis.
Materials and Methods

Tissue preparation
Twenty-four male ddy-strain mice, from 6 different age groups of 1, 3, 6, 12, 18, and 24 months old were maintained under the specific pathogen-free condition until they were used. For each group 8 cochlear organs of 4 mice were processed for light microscopic morphology, immunohistochemistry of iNOS, and DNA nick end labeling.
To monitor alterations in auditory sensitivity with increasing age, the auditory-brainstem-response (ABR) thresholds were analyzed in all mice using click stimuli prior to sacrifice. Subsequent to the ABR test, animals were transcardially perfused with physiological saline followed by an aldehyde fixative composed of 3% freshly depolymerized paraformaldehyde and 0.5% glutaraldehyde (GA) in 0.1 M phosphate buffer (PB, pH 7.4) for 10 min under deep anesthesia. The cochlear tissues were removed and then decalcified with 7% EDTA in 0.1 M cacodylate buffer (pH 7.4) for 2 days at 4 °C. Following decalcification, the cochlear tissues were dehydrated in an ethanol series, and embedded in paraffin according to a usual method. Three-micron thick sections of each cochlear tissue were cut serially in the planes parallel to the midmodiolar axis on a microtome and 3 of every30 consecutive sections per one cochlea were stained with hematoxylin and eosin for the morphological observation, iNOS antibodies for immunohistochemical localization of iNOS, and TUNEL technique for detection of DNA cleavage, respectively.
For the test stainings, paraffin sections were also prepared from the tissues as follows: 1) for the iNOS immunoreactivity, the brain tissues including the midbrain and cerebellum fixed with 70% ethanol and 3% PFA in 0.1 M PB; 2) for the nick end labeling by TUNEL technique, the jejunum fixed with 3% PFA and 0.5% GA in 0.1 M PB. In each case, the tissues were fixed for 4 hr at room temperature (RT).
Measurements of auditory brainstem responses
The click-elicited ABRs were measured with a recording system for auditory-evoked potential (Neuropack 2, Nihon Koden Co. Ltd., Tokyo) standardized with 0 dB nHL. There differential recording needle-electrodes (NM-730S, Nihon Koden Co. Ltd., Tokyo) were subcutaneously placed on the vertex (ground), the ipsilateral retroear (inverting) and the contralateral retroear (non-inverting). The electrophysiological signals of auditory were amplified 10 times, filtered through a 50-to, 1,000-Hz bandwidth, and recorded at the average intensity of 1,000 preset counts of click stimuli with 10 msec analysis time.
NOS immunohistochemistry
Immunohistochemical stainings of deparaffinized sections have been performed as described previously (Go, 1993) . In brief, following the treatment of 3% liydrogenperoxide (H202) for 10 min to inhibit intrinsic peroxidases, sections were preincubated in 10% normal goat serum/PBS for 1 hr to block nonspecific adhering of the first antibodies, and then incubated in the reaction medium containing anti-iNOS antibodies (affinity-purified rabbit polyclonal antibodies purchased from Affinity Bioreagents Co., Ltd., New Jersey) diluted to 1,000 times in PBS for 1.5 hr. Finally, the binding sites of anti-iNOS antibodies showing the iNOS localization were visualized using the avidin-biotinperoxidase complex with diaminobenzidine (DAB) as the chromogen.
For the control immunohistochemical reaction, a reaction without the primary antibody or containing an unimmunized-rabbit serum instead of the primary antibody and test stainings on the brain sections using anti-nNOS and -eNOS antibodies (also purchased from Affinity Bioreagents Co. Ltd.) in addition to iNOS antibodies were also performed. Although the results of the control experiments are not described in this study, the results showed at least no cross immunoreactivity among three kinds of anti-NOS antibodies, iNOS, eNOS, and nNOS, which was also supported by the results of western blot analysis of rat cerebellar crude supernatant.
Staining by TUNEL technique DNA nick end labeling was performed according to the TUNEL technique described by Gavrieli et aL (1992) . Briefly, to bare nuclear DNA strands in tissues, sections were treated with RNase (20 lig/ ml) and proteinase K (20 tg/m1) for 15 min at RT. Then, after washing in distilled water, the sections were covered with 2% H202 for 5 min at RT to inactivate endogenous peroxidases. Following these steps, the sections were incubated with TdT buffer solution containing terminal deoxynucleotidyl transferase (TdT; 0.3 e.u.hil) and biotinylated dUTP (Enzo Diagnostics, Inc., N.Y.) in a moist chamber at 37°C for 1 hr. Subsequently, biotinylated dUTPs bound to DNA fragments were then specifically visualized by using streptavidin-biotin-peroxidase complex system (Elite, Vectastatin ABC Kit) with DAB as described in the original report.
For the control staining, some sections were incubated in the reaction medium without either TdT or biotinylated substrate and some cochlear sections were pretreated with deoxyribonuclease (DNase I, 7.0 tg/ml; Sigma Chemical Co.) in DN buffer (30 mM Trizma base, 140 mM potassium cacodylate, 4 mM magnesium chloride and 0.1 mM dithiothreitol, pH 7.2) prior to incubation in the complete TUNEL reaction medium.
Results
Auditory brainstem response
Generally, ABR can be monitored as seven main peaks of the wave (wave I -wave VII). In the present study, to reveal the age-related threshold shifts of hearing, the evoked nHL for the wave I was recorded and compared between each age Table 1 . Mean shift of ABRs in mice group, because it is generally accepted that wave I is generated by the external portion of the cochlear nerve and is less affected by temperature alterations than other waves. The mean threshold values for each group of mice are summarized in Table 1 . Through 1 to 12 months of age, thresholds were slightly elevated above the normal range (10.0 dB nHL) to 23.7 dB nHL, while the threshold shifted to a markedly higher level than 70 dB nHL after 18 months.
Morphology of spiral ganglions and expression of iNOS immunoreactivity
It has been known that the SG of rodent is composed of larger (Type I) neurons accounting for the larger population and the smaller population of smaller (Type II) neurons (Schwartz et aL, 1983) . The great majority of SGCs found in this study also seemed to be larger neurons (Fig. 1) . The structural feature of mouse SGs up to 12 months of age was that every SG was densely packed with SGCs surrounded by other tissue components and so the intercellular space between SGCs was greatly narrowed (Fig. 1 ). In these animals there was no distinct iNOS-immunoreactivity in the SGCs (Fig. 3) . After 18 months of age, however, the decrease in the number of SGCs was extreme, and the intercellular space between SGCs was considerably widened (Fig. 2) . Moreover, most of the remaining SGCsincluding both larger and smaller SGCs expressed strong immunoreactivities for iNOS in their cytoplasm, but not in their nuclei (Figs. 4, 5) . The intensity of the reaction was stronger in the basal turn than the upper turns of cochlea (data not shown), though the difference of the reactivity between larger and smaller SGCs was unclear.
Detection of DNA-nick-end-labeled nuclei As described in the materials and methods section, TUNEL method (Gavrieli et al., 1992 ) was employed to demonstrate DNA cleavage due to aging in nuclei. When investigators use this method, however, great attention has to be payed to control the amount of deoxynucleotide as a substrate in order to prevent nonspecific labeling. One of the most reliable and easily obtainable tissues for this purpose is the small intestinal mucosa because epithelial cells in the villous tip region have gone into the apoptotic stage, but not in the other regions, especially in the crypts of Lieberkuhn. That is, the substrate amount should be strictly controlled so as to stain only apoptotic epithelial cells in the villous tip region as revealed in Fig. 6 .
In the present study, each SG stained under this condition did not show any positively stained nuclei not only in younger animals but also in older animals (Fig. 7) . Most of the nuclei in SGCs, however, could be stained by digestion with DNase I prior to the TUNEL incubation (Fig. 8) .
Discussion
In the present study, we demonstrated that an age-related expression of high levels of immunoreactive iNOS was initiated in both type I and type II neurons of the mouse SG with a conspicuous rise in the ABR threshold after 18 months, and that suggested a pathophysiological involvement of high production of NO in the ageing process of SGCs with their decrease in number. In this study, however, we were unable to find any apoptotic SGCs. From the following discussion, it can be postulated that the most plausible reason to explain the TUNEL-negative result in our study may lie in the low rates of histological appearance of apoptotic SGCs due to a short period of clearance time for dead cells. Bursch (1990) reported that the clearance time for an apoptotic cell would be in the range from a few minutes to 3 hours. Furthermore, the frequency to encounter apoptotic cells in the tissue sections stained with TUNEL technique has been estimated. According to the estimation by Zhang et aL (1995) , if the clearance time of apoptotic striatal neurons was supposedly one hour, it appeared that two in 105 neurons would undergo programed cell death and possibly be identified by the TUNEL method for every one hour during 18 months between 6 and 24 months of age. On the other hand, estimating from the results of Kuroda (1992) , the average number of SGCs lost in every one hour period during the 6 month time span from 12 months of age to 18 months of age is approximately two in 15,000 SGCs. This is nearly seven times larger than the result of the calculation by Zhang et aL (1995) . Thus, the probability of seeing apoptotic TUNEL-positive nuclei is inevitably larger in the spiral ganglions of senescent mice than the striatum mentioned by Zhang et aL (1995) . Nevertheless, the failure to find TUNEL-positive nuclei in this study strongly suggests that the clearance time for dead SGCs must be significantly less than one hour, which may be near the minimum duration in the range presented by Bursch (1990) .
Meanwhile, the significant expression of iNOS in SGCs corresponding to a steep elevation of the ABR threshold with advancing age (Table 1) implies an involvement of iNOS-produced NO in the cell death of SGCs that results in the conspicuous decrease in number of SGCs with hearing impairment. However, it should also be mentioned that there is a paradoxical concept for the role of NO, such as the protection of cells from cytotoxic oxygen radicals. Since a hypothesis that aging could be attributed to accumulation of a series of histopathological reactions due to free radicals was proposed by Harman (1956) , the free radicals have been widely accepted to be accelerating agents of aging (Pacifici and Davies, 1991; Sohal, 1993) . Hence, a defect in the defense system of either the inhibition of free radical formation or scavenging free radicals with ageing is considered to play a causative role in age-related cell damage (Harman, 1986) . Especially, the activity of superoxide dismutase (SOD), which is known as a radical-scavenging antioxidant to reduce the cytotoxicity of superoxide, has been shown to decline in various organs of rats with aging (Reiss and Gershow, 1976) . As to the cochlear tissue, recently, a distinct reduction in the immunohistochemical reactivity of SOD in hair cells of mice with an age-related hearing loss has been reported to suggest a causal relationship between superoxide and hair-cell damage in the aging process (Takasaka, 1991) . On the other hand, the role of NO in cytoprotection by inactivation of superoxide radicals has been reported (Yates et aL, 1992; Wink et al., 1993) in view of that peroxynitrite which is derived from the reaction of NO with superoxide radicals (with a higher reaction velocity constant than that of SOD and superoxide radicals) is less tissue reactive than superoxide radicals (Huie and Padmajya, 1993) . Thus it is possible to speculate that iNOS expression might be initiated in most of SGSs to yield a large amount of NO contributing to the protection of SGCs from superoxide toxicity that compensates for the decrease of SOD activity during senescence. In fact a recent report described that oxidative stress could trigger off iNOS induction in human epithelial tissues (Markert et aL, 1994) . In the present study, therefore, it can be considered that NO initially produced to protect SGCs from superoxide toxicity in the process of senescence consequently failed to protect most of SGCs and/or contributed to the progression of cell injury resulting in the loss of SGCs themselves. Fig. 8 . The SG of a 12-month-old mouse, stained by TUNE1 technique at the same condition as described in the legend of Fig. 6 after the treatment with DNase I. Most of remaining neurons (arrows) were distinctly stained of their nuclei. x360
